Diffusion-weighted (DW) functional magnetic resonance imaging (fMRI) signal changes have been noted as a promising marker of neural activity. Although there is no agreement on the signal origin, the blood oxygen level dependent (BOLD) effect has figured as one of the most likely sources. In order to investigate possible BOLD and non-BOLD contributions to the signal, DW fMRI was performed on normal volunteers using a sequence with two echo-planar acquisitions after pulsed-gradient spin-echo. Along with the changes to the signal amplitude (ΔS/S) measured at both echo-times, this sequence allowed changes to the transverse relaxation rate (ΔR 2 ) to be estimated for multiple b-values during hypercapnia (HC) and visual stimulation (VS). ΔS/S and ΔR 2 observed during HC were relatively insensitive to increasing b-value. On the other hand, ΔS/S demonstrated a clear dependence on b-value at both echo-times for VS. In addition, ΔR 2 during the latter half of VS was significantly more negative at b = 1400 s/mm 2 than for the time-courses at lower b-value, but ΔR 2 during the post-stimulus undershoot was independent of b-value. The results have been discussed in terms of two models: the standard intravascular-extravascular model for fMRI and a three-compartment model (one intra-and two extravascular compartments). Within these interpretations the results suggest that the majority of the response is linked to changes in transverse relaxation, but possible contributions from other sources may not be ruled out.
Introduction
MRI with blood oxygen level dependent (BOLD) contrast has been widely used as a functional imaging tool, and it is now one of the most important methods in the neuroscience field (Ogawa et al., 1992 (Ogawa et al., , 1993 . The BOLD signal reflects deoxyhaemoglobin concentration changes in the bloodstream in response to changes to the cerebral metabolic rate of oxygen (CMRO2), cerebral blood flow and cerebral blood volume (CBV). Therefore, BOLD reveals changes in neural activity only indirectly (Buxton, 2012; Obata et al., 2004) . For this reason many researchers have attempted to develop diffusion-weighted functional MRI (DW fMRI) methods that provide more direct information about neural activation Darquie et al., 2001; Harshbarger and Song, 2004; Jin and Kim, 2008; Jin et al., 2006; Kershaw et al., 2009; Kohno et al., 2009; Le Bihan et al., 2006; Miller et al., 2007; Yacoub et al., 2008 ). An example of this is the two-phase functional diffusion model that Le Bihan et al. introduced as a means to interpret heavily DW fMRI (Le Bihan et al., 2006) . Within this model, tissue water molecules are said to undergo slow exchange between a slowdiffusion phase (SDP) and a fast-diffusion phase (FDP), and the fMRI signal change is understood as an expansion (contraction) of the SDP (FDP) during the application of a stimulus. Hence, it was hypothesised that measuring changes to the SDP expansion coefficient might provide an MRI-based method for directly observing cell swelling during neuronal activity. If that hypothesis holds true, DW-fMRI would become a functional imaging method with the potential to directly detect neural activity.
Motivated by this possibility, Miller et al. (2007) performed a DWfMRI study using a protocol similar to that of Le Bihan et al. They observed similar signal changes not only during visual stimulation (VS), but also under hypercapnia (HC), which suggests that the DWfMRI signal changes are largely due to the haemodynamic response rather than neuronal cell-swelling. On the other hand, other groups have found the response to hypercapnia at high b-value to be significantly smaller than that during visual stimulation (Kuroiwa et al., 2008; Urayama et al., 2008) . Overall, no conclusive agreement on the origin of the DW-fMRI signal has been arrived at, but the BOLD effect has figured as one of the most prominent suggested sources (Rudrapatna et al., 2012) .
As originally proposed, the BOLD signal model for fMRI consists of intravascular (IV) and extravascular (EV) contributions so that the fractional signal change ΔS/S = (ΔS i + ΔS e ) / S (Buxton et al., 1998) . The EV BOLD model predicts that ΔS e increases with TE, so it is often convenient to characterise the EV contribution as a change in the transverse relaxation rate of a single-exponential decay S e = S 0e exp(−TE R 2e ). However, to also account for a possible non-BOLD contribution (ΔS 0e /S 0e ), the change can be written as ΔS e ≈ [ΔS 0e /S 0e − TE ΔR 2e ] S 0e exp(− TE R 2e ). The IV contribution ΔS i is thought to be substantially attenuated for b N 200 s/mm 2 (Le Bihan et al., 1988) , so that in the limit of large b it is expected that ΔS/S ≈ ΔS e /S e = ΔS 0e /S 0e − TE ΔR 2e . Note that if ΔS 0e is zero then the total signal change is due to ΔR 2e alone. Now, if the IV-EV model is an adequate description for DW-fMRI, a measurement of −ΔR 2 , which represents minus the change to the overall apparent transverse relaxation rate R 2 , should approach −ΔR 2e and have a time-course with shape similar to that of ΔS/S at high b-value. It follows that simultaneous measurements of ΔS/S and −ΔR 2 may provide useful information to investigate the contribution of BOLD and other effects to DW-fMRI signal changes.
In this work, a second 180-degree RF pulse was added to a standard pulsed-gradient SE (PGSE) echo-planar imaging (EPI) sequence so that the transverse magnetisation refocuses again at TE2 (Fig. 1) . Along with the usual b-value dependent changes to the signal amplitude obtained from DW-fMRI experiments, the EPI acquisitions at TE1 and TE2 allowed the transverse relaxation rate (R 2 = 1/T 2 ) at different diffusion weightings to be estimated during the performance of a task. Experiments were performed for both hypercapnia and visual stimulus tasks.
Materials and methods
This study was approved by the Institutional Ethics Committee of the National Institute of Radiological Sciences, Chiba, Japan and signed informed consent was obtained from each participant.
Data acquisition
DW fMRI experiments during HC and VS were conducted on a whole-body 3 T MRI system (Signa HDx, GE Healthcare, Milwaukee, WI, USA). Acquisitions were performed using a multiple SE EPI sequence with PGSE diffusion-weighting (Fig. 1) . The diffusionweighting gradients were placed on either side of the first refocusing RF-pulse and directed along the readout axis. The repetition time (TR) was 2000 ms for the VS, and 1000 ms for the HC experiments. The following imaging parameters were common to both the VS and HC experiments: TE1 = 71.3 ms, TE2 = 129.2 ms, 64 × 64 matrix, 3.75 × 3.75 × 5 mm 3 pixel size, and 4 slices. The amplitude of the pulsed gradient was altered while the timing was fixed to obtain b-values of 1, 200 or 1400 s/mm 2 . Pairs of b-values were selected (either b = 1400 and 1, or 1400 and 200 s/mm 2 ), and the higher and lower diffusion weightings were alternated every TR to minimize the effects of motion. Since the highest b-value images have lower SNR, a b-value of 1400 s/mm 2 was included in both pairs of diffusion weightings to increase the number of data points. The order of the b-value pairs was alternated to avoid possible systematic bias.
Hypercapnia
Eight healthy volunteers participated in the HC experiments. To induce temporary hypercapnia, 5% CO 2 gas (together with 21% O 2 and 74% N 2 ) was administered for 60 s followed by 120 s of normal air with end-tidal CO 2 monitored. The paradigm consisted of 2 cycles of 60 s administration and 120 s rest repeated once for each b-value pair on each volunteer. Imaging slices were set to cover the same parts of the visual cortex as for the VS experiments.
Visual stimulation
Twelve healthy volunteers participated in the VS experiments. Visual stimulation was provided by a black-and-white checkerboard alternating at 8 Hz. A small horizontal arrow was placed in the center of the checkerboard, and it randomly changed direction from right to left or from left to right during activation. To avoid sleepiness and monitor vigilance, the subjects had to push a mouse button if the arrow changed direction. Prior to the DW fMRI experiments, a T 2 *-BOLD fMRI experiment with slices covering the whole brain was performed to search for the most activated slice in the visual cortex. The VS protocol for this preliminary experiment was 3 cycles of 30 s activation and 30 s rest. The four slices used for DW fMRI were selected from a functional map created by the Brain Wave software (GE Healthcare). After slice selection, DW fMRI during VS was performed with a stimulation paradigm of 4 cycles of 40 s activation and 80 s rest. The paradigm was repeated twice for each b-value pair on each volunteer.
Data processing
After smoothing all images (3 × 3 spatial + 7-point (HC) or 3-point (VS) temporal box filters) and averaging over all stimulus cycles, activated pixels in the first-echo (TE1) image sets were identified for both HC and VS with a pixel-by-pixel t-test analysis between stimulation and baseline time points. The intervals for the HC data set were 15 time points during CO 2 administration (31-60 s after onset) and 16 points (149-180 s after onset) to define the baseline. The intervals selected for the t-test applied to the VS data set were 5 central time points during VS (16-34 s after stimulus onset) and 9 points (88-120 s after onset) to define the baseline. All voxels in the b = 200 and 1400 s/mm 2 data sets with t-value of more than 4 at TE1 (p b 10 − 4 , uncorrected for multiple comparisons) were defined as activated, and the same voxels were used to perform the analysis of all b-value and TE data from a particular subject. The regions of interest (ROIs) were manually selected from the whole cortex (except the frontal cortex) for HC and from the activated pixels in the visual cortex for VS. The frontal cortex was ignored for HC because of the susceptibility artefact in the vicinity of the frontal sinus. The DW fMRI time-series were averaged over the ROI selected for each subject before the fractional signal change was calculated. Note that the two repetitions of the acquisition paradigm performed for the VS experiments were analysed separately and the resultant time-series were averaged. The time-series were then averaged over all subjects for both the first and second echoes. 
Results
The data from one VS subject was excluded because of insufficient vigilance during imaging, while the data from all HC subjects was included in the analysis. The SNR in the grey matter of the visual cortex was estimated to be 16 ± 3 and 22 ± 4 for the HC and VS acquisitions, respectively, with the lowest SNRs (TE = 129.2 ms, b = 1400 s/mm 2 ). The ROIs selected for the HC and VS experiments contained 828 ± 219 and 109 ± 52 (mean ± SD across subjects) voxels, respectively.
Hypercapnia
The HC experiment produced a consistent increase of the fractional response (ΔS/S) with TE (Figs. 2a,b; see also Supplementary Figs. S1 and S2 in Appendix A). Inspection finds no strong dependence on bvalue, but statistical analysis discovered a small but significant decrease in the amplitude between the b = 1 and 1400 s/mm 2 response (Table 1 ). This result differs from earlier HC DW fMRI observations made by Miller et al. (2007) . The transverse relaxation rates for all subjects were estimated using the first and second echo data. The baseline R 2 for the HC experiment was obtained by averaging over the last 32 s of the resting state, and ΔR 2 was estimated by subtracting the mean R 2 of the baseline period from the R 2 time-course. The ΔR 2 decreased in response to the inhalation of 5% CO 2 gas, but there was no significant difference between ΔR 2 s at each b-value (Fig. 4) .
Visual stimulation
The b-value-dependence of ΔS/S at TE1 = 71.3 ms for the VS experiment is similar to that published previously ( the second half of the PSCR (26-40 s after stimulus onset), while there were no significant differences between ΔR 2 at different b-values during the first half of the PSCR (10-24 s after stimulus onset) (Fig. 4) . Also, even though ΔS/S has a significant change in the PSU in moving from b = 200 to 1400 s/mm 2 for both TEs (Table 1) , the same is not true for ΔR 2 (Fig. 4) .
Discussion
Multi-b-value multi-TE experiments were performed on humans to investigate the contribution of BOLD and other effects to the DW-fMRI response during both HC and VS. The mean ΔS/S and ΔR 2 decreased slightly when the b-value was increased from 200 to 1400 s/mm 2 during HC, but neither change was significant. In contrast, significant differences were obtained between the b = 200 and b = 1400 responses for both ΔS/S and ΔR 2 in the VS experiment.
Hypercapnia
Although the sequence they used differed from the one used here, the study performed by Miller et al. found that the amplitudes of the responses to HC and VS followed similar trends with b-value (Miller et al., 2007) . Using a sequence similar to that used by Miller et al., Urayama et al. observed that ΔS/S during HC was almost unchanged when b-value increased, while VS response increased with b-value (Urayama et al., 2008) . This is similar to the results of the present study even though different pulse sequences were used. It has recently been suggested that the discrepancy amongst these results originates from differences in the analysis procedure (Rudrapatna et al., 2012) . While analysing DW-fMRI data acquired during HC, it was found that voxel-based calculations of ΔS/S (i.e. averaging over the ROI after voxelwise calculation of the signal change) may be biased to produce significant changes with decreasing SNR. On the other hand, globalbased estimation of ΔS/S (i.e. averaging over the ROI before calculating the signal change) was shown to be much more robust against low SNR, and no significant differences were found with increasing b-value. As the images acquired for this study had sufficient SNR and the analysis was based on a global approach, it is expected that the present results are reasonably insensitive to bias.
A consistent finding in all DW-fMRI HC studies is that a nonzero ΔS/S exists during HC stimulation. Regardless of whether additional neuronal activity occurs or not, it is well known that blood flow and volume increase during HC, which indicates that the haemodynamic response must play some role in the DW-fMRI response even at high b-value. Within the framework of the IV-EV functional signal model briefly discussed in the Introduction, the small (but not significant) decrease in ΔS/S from b = 1 to 1400 s/mm 2 corresponds to attenuation of a small IV contribution (Table 1) . Also, the facts that ΔS/S increases with TE and the b = 200 and 1400 s/mm 2 (Fig. 2a) responses are very similar in shape to the negative of the corresponding ΔR 2 time-courses (Figs. 2d-f) , suggest that EV SE-BOLD contributes strongly to the HC response. To give these deductions a quantitative basis, under the condition that the IV signal is negligible for b ≥ 200 s/mm 2 it is possible to estimate the contributions of the EV BOLD (−TE1 ΔR 2 ) and non-BOLD (ΔS 0e /S 0e ) terms to the response at high b-value. The results in Table 2 indicate that after doing this the response is divided approximately equally between the two contributions. Moreover, the division has no significant dependence on b-value. With the strong changes to blood flow and volume that occur during HC, a possible explanation for the significant contribution of the ΔS 0e /S 0e term to the HC response is inflow. The HC experiments were performed with a relatively short TR of 1 s, with the potential consequence that T1-weighting of the signal is affected by functional changes to the flow of fresh spins into the imaged region. Like BOLD, inflow effects may also be divided into IV and EV contributions, with the former widely called "the inflow effect" by itself (Gao and Liu, 2012) , and the latter being the basis of arterial spin labelling (ASL) (Kwong et al., 1992) . Similar to the attenuation of the IV BOLD contribution above, it is thought that diffusion-weighting significantly reduces IV inflow . On the other hand, it is expected that EV inflow effects are independent of diffusion-weighting (Kwong et al., 1992) , and could therefore be the origin of a non-BOLD functional response. The observation that the BOLD and non-BOLD components are similar for b = 200 and 1400 s/mm 2 supports this. Future work could test this hypothesis by performing DW-fMRI HC experiments at longer TRs when inflow effects are expected to be much weaker. Consistent with previous HC studies (eg. (Davis et al., 1998; Leontiev and Buxton, 2007) ), ΔS/S had no PSU. The origin of the PSU remains controversial even though a number of possible sources have been discussed in the literature (Buxton, 2012) . Suggested mechanisms can be placed into two categories. The first concerns changes in neural activity; that is, there is either an undershoot in the neural activity or a relatively slow return of CMRO2 to baseline. Changes to neural activity during HC are thought to be negligible, which means that CMRO2 changes are also minor. The second category is related to perturbations of the haemodynamic response in terms of either a CBF undershoot or relatively slow return of CBV to baseline. It is unlikely that either of those conditions occurred during the HC experiments because PCO2 changes occur only gradually. It therefore follows that these potential mechanisms are all compatible with the observed data because none is expected to produce a PSU during HC.
Visual stimulation
ΔS/S is larger at b = 1400 than at b = 200 during VS, but not during HC. If it is true that additional neuronal activity is only induced during VS, these results suggest that the information provided by heavily DW fMRI more closely reflects neural activity than standard fMRI.
Similar to the situation previously discussed for HC, within the IV-EV model the decrease in the PSCR when b is increased from 1 to 200 s/mm 2 is presumably due to a significant decrease in the IV contribution (Le Bihan et al., 1988) . However, attenuation of the IV signal does not affect the PSU or ΔR 2 . From b = 200 to 1400 s/mm 2 , the increase in PSCR is coordinated with a decrease in ΔR 2 during the same period, but there is no change in ΔR 2 for the PSU. It follows that the time-courses of ΔS/S and −ΔR 2 at high b-value have dissimilar shapes because ΔS/S at TE1 has no PSU but −ΔR 2 does. The EV BOLD/non-BOLD contributions to this behaviour were quantified in Table 2 using the same assumptions as for HC above. Notice that the significant signal increase during the second-half of the PSCR at b = 1400 s/mm 2 is due to changes in both EV transverse relaxation and ΔS 0e /S 0e , but it is only the change in R 2 that is significantly different from its value at b = 200 s/mm 2 . Also, at b = 200 s/mm 2 the PSU is almost completely due to the EV BOLD term, but at b = 1400 s/mm 2 the non-BOLD term has increased to almost cancel the PSU. Clearly, under the IV-EV model the changes to the PSCR and PSU at high b-value must originate from independent time-varying EV BOLD and non-BOLD contributions.
Another consequence of an IV-EV interpretation is that, as the physiology is unaffected by the imaging procedure, the significant change to ΔR 2 at high b-value suggests that the EV SE-BOLD signal model is modified by the application of the motion-probing gradients (MPGs). That is, interaction between the applied MPGs and the susceptibility-induced gradients around the vessels perturbs the EV signal at large b-values (Jin and Kim, 2008; Kershaw et al., 2009; Pampel et al., 2010; Yacoub et al., 2008) . However, there is at present scant experimental evidence to indicate that the EV signal is strongly affected by the MPGs. This is supported by the fact that the ΔR 2 during the PSU is unaffected when increasing b from 200 to 1400 s/mm 2 . It therefore seems unlikely that the simple IV-EV model provides a satisfactory explanation for the high b-value DW-fMRI responses observed in this work.
Three-compartment interpretation for the VS data
The time-courses in Fig. 3a are similar to those published in a previous DW-fMRI paper (Kershaw et al., 2009 ). In that work the different trends of the PSU and PSCR as a function of b-value were taken to suggest that they originate from distinct sources. A three-compartment model where the b-value alters the weighting of each compartment in the overall signal was proposed. The model was used to decompose the signal into SDP, FDP and fast intravascular (FIV) time-courses, and it was suggested that signal changes originating from the SDP would be more sensitive to SE-BOLD in capillary-sized vessels and those from the FDP would reflect SE-BOLD in larger vessels. In the present work, additional information has been obtained in the form of the responses at the second echo. As the behaviour of the second echo data is qualitatively similar to that at the first echo, it is natural to also consider the three-compartment model as a possible interpretation for the data. However, it is first necessary to modify the model to include the dependence on TE.
In general, the baseline signal for an N-compartment system in slow exchange can be written as (Autio et al., 2011) 
where R 2j and D j are the apparent transverse relaxation rate and apparent diffusion coefficient of compartment j, respectively, while S 0j is an aggregate of quantities like the compartmental volume fraction, proton density and T1-weighting, but is essentially the compartmental signal intensity when b and TE are zero. Assuming that the diffusion Table 2 Signal contribution of BOLD (−TE1 × ΔR 2 ) and non BOLD (ΔS 0e /S 0e ) to ΔS/S. coefficients are not altered by physiological changes during stimulation, it follows that the fractional signal change is
Eq. (2) shows that when the signal consists of contributions from multiple compartments, the TE dependence is just as important to the relative weighting of the signal contributions as the b-value is. With N = 3, Eqs. (1) and (2) are a suitable generalisation of the three-compartment model for a TE-dependent response. In applying it to the present data, the b-dependence of the signal was first used to decompose into SDP, FDP and FIV contributions for each TE (i.e. TE1 and TE2) as described in Kershaw et al. (2009) . Note that the comments made in Kershaw et al. (2009) about the analysis also apply here. Prior to decomposition the raw time-courses were linearly interpolated to compensate for the 2 s offset between images acquired with b = 1400 s/mm 2 and those acquired with b = 1 or 200 s/mm 2 . Also, the diffusion coefficients of the SDP and FDP were presumed to be 0.16 × 10 −3 mm 2 /s and 1.21 × 10 −3 mm 2 /s, respectively. Subsequently, estimates of the compartmental transverse relaxation rates were obtained with
where t denotes the time during the functional experiment. It follows that the observed change is obtained as
with R 2j (t b ) being the mean observed R 2j during the baseline interval. The compartmental S 0j can then be estimated with the equation
The VS time-courses after b-value decomposition are presented in Figs. 5a,b (see also Supplementary Figs . S5 & S6, as well as Supplementary Table 1 in Appendix A). For each TE, all three of the decomposed time-courses have PSCRs, while only the FDP time-course shows a distinct PSU. The SDP time-course is highly correlated with the stimulus without any PSU. Similar PSCR and PSU patterns were found for TE1 and TE2, although the amplitudes at TE1 were slightly smaller than those at TE2. These results are consistent with those presented in previous studies (Kershaw et al., 2009) . The ensuing estimates of the ΔR 2 and ΔS 0 for each compartment are shown in Figs. 5c,d . The ΔR 2 s estimated for the SDP during both halves of the PSCR period are significantly different from zero (Fig. 6a) . Note also the significant difference between the ΔR 2 s during the second half of the PSCR. Only the ΔR 2 of the FDP is significantly different from zero during the PSU period. Fig. 6b shows that ΔS 0 /S 0 increased and decreased significantly for the SDP and FDP compartments, respectively, after the stimulus ceased. Naturally, there was also a significant difference between the ΔS 0 /S 0 s of these two compartments for the PSU. It is also noted in Fig. 6b that ΔS 0 /S 0 for the SDP increased during both stimulus intervals (open circles), but those changes were sensitive to the choice of diffusion coefficients used in the three-compartment model analysis. Supplementary Figs . S7-S9 (Appendix A) contain more detailed notes on this issue.
As noted above, the original interpretation proposed for the SDP and FDP time-courses is that they represent the SE-BOLD responses of capillary and larger sized vessels, respectively (Kershaw et al., 2009) . The extra information provided by the second echo data has allowed these time-courses to be further decomposed into changes in the compartmental transverse relaxation rate (ΔR 2 ) and other sources (ΔS 0 /S 0 ). If, as in the IV-EV model, the ΔR 2 s are taken to represent signal changes due to SE-BOLD, then one implication of this model is that the SDP and FDP ΔR 2 s reflect the different dynamics of deoxyhaemoglobin concentration in different sized vessels. For example, the significantly larger decrease in ΔR 2 for the SDP during the second-half of the PSCR (in comparison to that of the FDP) might reflect mixing of blood flowing from activated and non-activated areas so that the deoxyhaemoglobin changes are not as strong in the larger vessels. Similarly, the largest contribution to the PSU originates from the FDP and this could indicate that the PSU is related to the dynamics of the larger post-capillary vessels as has long been postulated (Yacoub et al., 2006; Zhao et al., 2006) .
A second implication that follows from taking the ΔR 2 s to represent SE-BOLD, is that the nonzero elements of the ΔS 0 /S 0 time-courses suggest that a small time-varying non-BOLD contribution may be required to fully explain the data even within the three-compartment model.
Non-BOLD contribution to DW-fMRI
Similar to the situation for HC, it is possible that EV inflow contributes to the signal changes during VS. However, it should be remembered that the VS experiments were performed with a TR of 2 s and therefore the effect will be much weaker. Also, it is expected that EV inflow effects are independent of diffusion-weighting so it is difficult to explain b-value dependent changes to ΔS 0 /S 0 .
Another obvious candidate for a time-varying non-BOLD contribution to DW-fMRI response is the cell-swelling mechanism (Le Bihan et al., 2006) . The cell-swelling mechanism is said to be a change in the volume fractions of the FDP and SDP that increases the amplitude and onset of the DW-fMRI response at high b-value. While the increase in magnitude was observed here, there was no evidence of a faster onset at either TE. If the cell-swelling mechanism does contribute to the response, then the faster onset might not have been observed because there were 4 s between successive images acquired with the same b-value. That is, the temporal resolution may have been too coarse to measure changes to the response onset at high b-value.
A third candidate for a non-BOLD contribution is the perivascular cerebrospinal fluid (CSF) space that surrounds arteries and arterioles in the cerebral cortex. VS evoked increase in the CBV is accompanied by reduction in CSF volume (Donahue et al., 2006; Jin and Kim, 2010; Piechnik et al., 2009) , which buffers the arterial vasodilation and regulates the intracranial pressure. At the relatively short TEs of most human VS experiments, it is expected that this effect contributes only 0.5% to the total fMRI signal (Piechnik et al., 2009) . However, at the longer TEs (70-100 ms) required for human DW-fMRI experiments, the longer T 2 of CSF (503 ms) in comparison to that of brain (61.0 ms) suggests that the fractional contribution of the CSF might be as much as 30% (Piechnik et al., 2009) . In principle, a model could be constructed to account for this effect by adding a CSF compartment and proposing that there is an exchange in volume fraction between it and the other compartments. On the other hand, even though the CBV increases during HC there was no observation of an increase in ΔS/S at high b-value for the HC experiments (Fig. 2a) , which implies that the CSF is actually only a minor contributor to the DW-fMRI signal.
Summary
Human DW-fMRI experiments were performed at multiple b-values and TEs to investigate the source of the response during both HC and VS.
Similar to previous DW-fMRI experiments under HC it was found that a nonzero ΔS/S existed even at high b-value. The increase in blood flow and volume accompanying HC indicates that the haemodynamic response must be involved in the DW-fMRI signal change. Furthermore, the similarity in shape of the HC ΔR 2 time-courses to ΔS/S and the insensitivity to b-value together suggest that the HC data is consistent with and dominated by a standard EV SE-BOLD response.
The DW-fMRI response to VS demonstrated a clear dependence on b-value. Interpretation of the data in terms of the standard IV-EV model for fMRI requires that (i) there is a non-BOLD time-varying source that is independent of changes to the transverse relaxation, and (ii) the EV BOLD signal model is somehow altered by the application of high b-value MPGs. As there is little experimental evidence to confirm the latter effect and ΔR 2 during the PSU is unaffected by the MPGs, the IV-EV model appears to be an inadequate explanation for the VS data.
A second interpretation based on a three-compartment model was also applied to the VS data. With this model the data was decomposed into FIV, FDP and SDP contributions before ΔR 2 s and ΔS 0 s were calculated for each compartment. It was found that most of the signal change is absorbed into the ΔR 2 s of the FDP and SDP compartments. In this interpretation the increase in the signal at high b-value does not require a fundamental change to the transverse relaxation due to the application of the MPGs. The increase occurs simply because the FDP is more strongly attenuated by heavy diffusion-weighting so that the SDP contribution dominates. Nevertheless, even this model may not explain all of the observed variation so that a small time-varying non-BOLD contribution is required.
Overall, the results suggest that the majority of the response is linked to changes in the transverse relaxation rate (which may reflect BOLD signal changes), however contributions from other (ie non-BOLD) sources may not be ruled out.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.neuroimage.2014.04.050. 
